Alzheimer's disease (AD), the most prevalent type of dementia throughout the world, is characterized by striking memory loss followed by widespread cognitive failure and death.^[@ref1]^ The major histopathological hallmark of AD is the accumulation of amyloid plaques in the brain, composed of amyloid β peptides (Aβ) of 40--42 amino acids, which are generated through sequential cleavage of the transmembrane glycoprotein APP (reviewed in ref ([@ref2])). In addition to Aβ plaques, which are primarily composed of Aβ in fibrillar, insoluble state, soluble Aβ oligomers have also been associated with AD pathology.^[@ref3],[@ref4]^ In fact, strong evidence accumulated in recent years implicates Aβ oligomers (AβOs), also known as Aβ-derived diffusible ligands (ADDLs), rather than insoluble fibrils, as the prominent neurotoxins in AD.^[@ref5]−[@ref7]^

Despite the vast information accumulated on the effects of Aβ oligomers, no clear demonstration of the size or structure of the actual toxic oligomeric Aβ species has been reported so far. Nonetheless, strong evidence indicates that both oligomer size and conformation play an important role in toxicity.^[@ref8]−[@ref11]^ While some investigators observed toxicity of low molecular mass oligomers, such as dimers and trimers,^[@ref12]−[@ref16]^ a strong correlation between higher molecular mass assemblies, such as dodecamers, and AD-linked synaptotoxicity has been reported by others.^[@ref17]−[@ref20]^ In addition to these assemblies, a number of different Aβ species, including pentamers,^[@ref21]^ 60,^[@ref22]^ 80,^[@ref23]^ and 150 kDa species^[@ref24]^ have also been detected in vitro or extracted from AD brains. These difficulties in identifying the actual toxic Aβ oligomeric assembly have direct implications in elucidating AD mechanisms and drug development.

An attractive and currently available tool to isolate specific Aβ species in solution is the use of conformation-sensitive monoclonal antibodies targeting AβOs. These antibodies have been isolated by different groups^[@ref25],[@ref26]^ and recognize specific conformational epitopes on oligomeric Aβ. One of the most studied anti-AβO monoclonals, NU4, was shown to discriminate AD from control human brain extracts and to protect neurons in culture from AβO-induced ROS generation,^[@ref26]^ clearly indicating the capacity of NU4 to bind Aβ species relevant to AD pathology.

Here we have used NU4 to isolate and study biochemical and morphological aspects of a particular, toxic AβO species. Using a combination of size-exclusion chromatography (SEC) and atomic force microscopy (AFM), we were able to determine the molecular mass and *z*-height of the AβO preferentially targeted by NU4. Acquiring data on the conformation of toxic AβOs may accelerate the development of more specific and efficient therapeutic and diagnostic approaches to AD-associated Aβ neurotoxicity.

Results and Discussion {#sec2}
======================

Although it has been established that AβOs play a central role in AD pathogenesis, the molecular identity of the oligomeric form of Aβ most germane to disease has yet to be determined. Previous work indicated that a high molecular mass assembly (roughly a 12-mer), rather than low-order AβOs, is primarily responsible for the neuronal attack suffered by neurons exposed to AβOs.^[@ref18],[@ref19]^ By using complementary biochemical and imaging techniques, we have been able to elucidate the size and shape of this high molecular mass, neurotoxic oligomer specimen.

Monoclonal Antibody NU4 Interacts with Aβ Oligomer Species Bearing Neuronal Binding Activity {#sec2.1}
--------------------------------------------------------------------------------------------

NU4 is a monoclonal anti-AβO antibody known to be conformation sensitive; that is, it preferentially interacts with self-associated Aβ rather than its monomeric form.^[@ref26]^ Protection against AβO-associated toxicity by NU4 has been reported.^[@ref27]^ For instance, it has been shown that NU4 treatment prior to AβO challenge prevented ROS accumulation in cultured neurons^[@ref26]^ and behavioral deficits in AD transgenic mice,^[@ref28]^ thus implying neurotoxic activity to NU4-reactive oligomers. Here we made use of fluorescently tagged AβOs (FAM-AβOs) to compare the entire population of Aβ species bound to neurons with that of NU4-targeted oligomers. A robust colocalization between FAM and NU4-based signals on neuronal processes of hippocampal neurons was detected (Figure [1](#fig1){ref-type="fig"}). Along with previous results on the presence of AβOs in culture medium even after 24 h incubation at 37 °C,^[@ref29],[@ref30]^ our present result indicates that soluble, neurotoxic Aβ species reacting with NU4 in the original preparation are abundant and conformationally similar to neuroactive oligomers in culture medium.

![Monoclonal anti-AβO antibody NU4 targets pathologically relevant Aβ species. Rat hippocampal neurons in culture were exposed to 500 nM fluorescently labeled AβOs (FAM-AβO) (green channel) followed by immunolabeling with 568-NU4 (red). The overlay panel shows robust colocalization (yellow) between direct and antibody-based AβO visualization.](cn-2014-00156r_0001){#fig1}

Isolation and Molecular Mass Determination of NU4-Aβ Oligomer Complex {#sec2.2}
---------------------------------------------------------------------

Typical AβO preparations are known to comprise two major populations eluting at 60--150 kDa (high molecular mass oligomers) and 10--15 kDa (low molecular mass oligomers) on SEC analysis,^[@ref18],[@ref20],[@ref31],[@ref32]^ and to contain only trace amounts of monomers.^[@ref33]^ To determine which population is preferentially targeted by NU4, we performed SEC fractionation combined to immuno-based detection of NU4-targeted oligomers. Comparison between spectrophotometric detection of AβOs (Figure [2](#fig2){ref-type="fig"}, red) and dot immunoblot signal from SEC fractions (Figure [2](#fig2){ref-type="fig"}, gray) reveals that NU4 preferentially targets high molecular mass oligomers, since significantly higher dot blot intensities per unit of absorbance for high molecular mass species were observed, as opposed to similar areas for low molecular mass oligomers.

![NU4 preferentially interacts with high molecular mass oligomers. AβOs were fractionated by size exclusion chromatography (monitored by absorbance at 280 nm, red curve), and individual fractions (100 μL) were probed for NU4 immunoreactivity by dot blot. A representative dot blot image is shown (top) and its quantification (integrated density) is plotted (gray). Note that high molecular mass oligomers showed significantly higher NU4 immunoreactivity than low molecular mass oligomers when compared to their relative absorbance readings at 280 nm.](cn-2014-00156r_0002){#fig2}

Taking advantage of the preferential binding of NU4 to higher order oligomers, we sought to determine the apparent molecular mass of NU4-targeted AβOs by SEC based on the elution volume shift (thus the mass shift) of the antibody upon AβO binding. The apparent molecular masses of free NU4 and NU4-AβO complex obtained by SEC (Figure [3](#fig3){ref-type="fig"}A) were 103 and 182 kDa, respectively. By subtracting these values, we found the apparent molecular mass of the NU4-targeted AβO to be 79 kDa, thus compatible with an 18-mer (assuming a theoretical Aβ monomer mass of 4.5 kDa and a 1:1 oligomer to NU4 ratio). To verify the presence of both AβO and NU4 in the peak assigned as "AβO+NU4" complex (Figure [3](#fig3){ref-type="fig"}A), we have collected serial fractions surrounding the peak and tested their reactivity against antibodies which specifically detect either Aβ oligomers (α-AβO polyclonal M69^[@ref34]^) or NU4 (α-IgG; commercially available anti-mouse IgG) by dot blot. A similar pattern of increasing reactivity toward the center of the peak was observed on both membranes (Figure [3](#fig3){ref-type="fig"}A), indicating that AβO and NU4 indeed coelute in that peak. Unbound NU4 appears as a minor peak in the "AβO+NU4" curve eluting at a similar volume as control NU4 (black). Although a slight shift (0.03 mL) in elution volume of these peaks assigned as NU4 was observed, which in theory could be attributed to an interaction between NU4 and low molecular mass AβOs, the lack of shift in the peak corresponding to low molecular mass AβOs (which is attributed to species ranging from dimers to tetramers; see ref ([@ref26])) upon interaction with NU4 (Figure [3](#fig3){ref-type="fig"}A, inset) indicates that NU4 indeed preferentially interacts with high molecular mass AβOs.

![Apparent molecular mass of large AβOs targeted by NU4 is 80 kDa. NU4 or AβO-NU4 mixtures (molar ratio 1:100 NU4:Aβ) were separated by size exclusion chromatography (A). The apparent molecular mass of the AβO-NU4 complex was assessed based on the shift in elution volume before (solid) or after (dotted) incubation with AβOs. Presence of AβOs and IgG in each fraction was assessed by dot immunoblot probed with NU4 or anti-mouse IgG, respectively. Difference in elution volume of major peaks was used to calculate oligomer mass. A representative run including the region where low molecular mass oligomers elute is shown in the inset. (B) Apparent molecular mass of AβO-NU4 complex was alternatively determined using fluorescently tagged NU4 (568-NU4). In this case, SEC was performed using an Agilent 1100 HPLC instrument equipped with a fluorescence detector. Note the presence of complex eluting at the same elution volume as in (A). (C) High molecular mass Aβ oligomers are smaller than 100 kDa. AβOs and the filtrate and retentate from 100 kDa MWCO centrifugal filtration were subjected to SEC to detect the presence of high molecular mass Aβ oligomers. Only the region corresponding to elution volume for high molecular mass oligomers is shown.](cn-2014-00156r_0003){#fig3}

Molecular mass of NU4-targeted AβO was directly evaluated using fluorescently labeled NU4 (568-NU4). A shift in elution volume of peak corresponding to NU4 upon interaction with AβOs was observed (Figure [3](#fig3){ref-type="fig"}B), and was compatible with that obtained using unlabeled NU4 (Figure [3](#fig3){ref-type="fig"}A). In addition, AβOs (in the absence of NU4) subjected to centrifugal filtration were able to pass through a 100 kDa MWCO membrane, as indicated by the absence of signal in the retentate recovered after filtration (Figure [3](#fig3){ref-type="fig"}C). This result gives evidence that high molecular mass oligomers are indeed smaller than 100 kDa, as previously indicated by subtracting the apparent molecular masses of NU4/AβO complex and free NU4. The higher signal in the filtrate compared to control AβO sample (not subjected to filtration) is likely due to an error associated with volume correction after concentration of the sample on the membrane during centrifugal filtration.

Further evidence on the interaction between AβO and NU4 was obtained using native PAGE as a complementary method to SEC. For this sake, AβO-NU4 complex molecular mass was analyzed by native PAGE ([Supporting Information](#notes-7){ref-type="notes"} Figure 1). AβOs migrate as previously observed on native PAGE,^[@ref31]^ while NU4 runs as a single band at a MW significantly higher than expected. This abnormal migration of NU4 is likely due to the neutral to basic pI of IgGs (between 7 and 9),^[@ref35]^ which makes these molecules only slightly charged in the pH of running buffer (8.3). When AβOs and NU4 are mixed, an interaction can be readily detected by the presence of a slow migrating, diffuse band (left panel, red box). The presence of NU4 in this diffuse band was confirmed by Western blot with anti-mouse IgG (right, red box). The faster migration of the band front corresponding to complex compared to NU4 alone is likely due to the influence of charged groups from Aβ to the net charge of the complex. Thus, although the native PAGE data corroborates the formation of a soluble complex between Aβ oligomer and NU4, it is limited in providing information on the molecular mass of AβO-NU4 complex and, consequently, of NU4-targeted Aβ oligomer.

The specificity and stability of the NU4-AβO complex was further analyzed. No elution volume shift was observed when AβOs were incubated with a nonimmune control IgG (Figure [4](#fig4){ref-type="fig"}A). Interestingly, preincubation of AβOs with 1% Triton X-100, a condition known to not affect antigen--antibody reactions, was able to disrupt AβO-NU4 complex stability (Figure [4](#fig4){ref-type="fig"}B), suggesting the existence of a detergent-sensitive structure on this AβO species that is important for AβO-targeting by NU4.

![Conformational dependence of the interaction between NU4 and Aβ oligomer. (A) AβOs (10 μM) were incubated with either NU4 (gray, dashed) or nonimmune control IgG (black) for 30 min at 4 °C before SEC. Note that no molecular mass shift was observed when AβOs were incubated with control IgG. (B) AβOs were preincubated with either 0.5% (gray, dashed) or 1% (black, dotted) Triton X-100 for 5 min at RT before addition of NU4 and SEC as in (A). A significant prevention of complex formation is observed when 1% Triton X-100 was added.](cn-2014-00156r_0004){#fig4}

Taken together, these data indicate that the conformation-sensitive monoclonal anti-Aβ oligomer NU4 targets a single Aβ oligomeric species, a feature that may be used to overcome the limitation in studying toxic oligomer structure in complex samples. It is important to emphasize, however, that our current approach is limited in terms of accuracy of molecular mass determination, due to the imprecision inherent to the SEC technique.

Morphology of NU4-Aβ Oligomer Complex by AFM {#sec2.3}
--------------------------------------------

SEC fractions from high molecular mass AβOs, NU4, and NU4-AβO complex peaks were collected and observed by AFM (Figure [5](#fig5){ref-type="fig"}). Under low magnification, both fractionated AβOs (Figure [5](#fig5){ref-type="fig"}A) and NU4-AβO complex (Figure [5](#fig5){ref-type="fig"}B) samples presented structures highly homogeneous in height (0.6 and 1.1 nm standard deviation of *z*-height for AβOs and complex samples, respectively; 24--35 specimen analyzed per condition). On the other hand, while the fractionated AβOs showed to be similar in shape, in the NU4-AβO complex sample, the specimens observed presented various shapes, likely due to variations on the position the complex adsorbed to mica.

![Aβ oligomer-NU4 complex visualized by AFM. NU4 antibody, high molecular mass Aβ oligomers (AβOs), or NU4-AβO complex were fractionated by SEC and immediately adsorbed to mica surface for analysis. Low resolution (1 × 1 microm^2^ scans) of SEC-fractionated high molecular mass AβOs (A) and NU4-Aβ oligomer complex (B) and high resolution representative images of NU4 (C), high molecular mass AβOs (D), or NU4-AβO complex (E) are presented. *z*-Height profiles for each sample are shown in (F). SEC elution volumes for fractions were as follows: NU4, 1.8 mL; AβO-NU4 complex, 1.6 mL, based on a run similar to that shown in Figure [3](#fig3){ref-type="fig"}A; and high molecular mass AβOs, 1.7 mL, based on a run similar to that shown in Figure [2](#fig2){ref-type="fig"}. (G) Size distribution analysis of of the selected specimens in each sample. When NU4 was present, only the trilobar structures were considered (denatured or single lobe structures were excluded).](cn-2014-00156r_0005){#fig5}

High resolution images of NU4 revealed a trilobar structure (Figure [5](#fig5){ref-type="fig"}C) similar to previously published structures of IgG molecules.^[@ref36],[@ref37]^ Cross-sectional profiles of this particular structure rendered a *z*-height of 1.15 nm (Figure [5](#fig5){ref-type="fig"}F), also consistent with the reported size for IgG. When observed at high magnification, high molecular mass AβOs showed globular structures of homogeneous size and shape (Figure [5](#fig5){ref-type="fig"}D). The diameter, measured as height in the cross-sectional profile, was 3.93 nm (Figure [5](#fig5){ref-type="fig"}F). Although we have opted to not report the measured width of the observed specimen, due to errors introduced by the inconsistent width of the imaging tip, based on the homogeneity in *z*-height of fractionated large AβO (Figure [5](#fig5){ref-type="fig"}A), we concluded that these oligomeric species present a globular shape, since elongated molecules should render two distinct height populations depending on the way it lands on mica surface. Detecting a singular height population implies a spherical symmetry of the specimen. Alternatively, by using the Porath plot^[@ref38]^ and our current SEC data, we have found the hydrodynamic radius (Stokes radius) of high molecular mass AβOs to be 4.8 nm, assuming a globular-shape-like behavior of this assembly in solution. Although this value is around 1 nm higher than the *z*-height calculated from our AFM data, we consider the two measurements as being in good agreement, since this difference may reflect changes in structure induced by the sample preparation for AFM, as the drying process is known to decrease the measured size.^[@ref39],[@ref40]^ Moreover, our results are in line with previous AFM studies using nonfractionated AβOs, in which globular oligomers of 5 ± 3 nm were visualized.^[@ref31],[@ref41],[@ref42]^ The narrower size distribution of oligomers in our analysis (3.85 ± 0.67 nm, Figure [5](#fig5){ref-type="fig"}G) is due to the SEC fractionation which limited the specimen analyzed to a subpopulation of high molecular mass oligomers, compared to unfractionated AβO samples used in previous studies.

Although images of the NU4-AβO complex showed structures with irregular shapes and a wider range of sizes (Figure [5](#fig5){ref-type="fig"}B), including spherical features of lower height profile, which can be attributed to unbound (NU4 free) oligomers, the cross-sectional profile of a representative complex (Figure [5](#fig5){ref-type="fig"}E) showed a strong similarity with the shape of the antibody. In fact, in this structure, a fourth lobe is present, strengthening the notion that a complex between NU4 and a single, high mass Aβ oligomer species is formed in solution. A statistical analysis of the size of the observed structures is presented in Figure [5](#fig5){ref-type="fig"}G. After analyzing 24--35 structures per condition, the average height of the antibody was found to be 1.26 nm (±0.37 nm). The average diameter of high molecular mass oligomers was found to be 3.85 nm (±0.67 nm), while the NU4-AβO complex averaged a height of 5.37 nm (±1.1 nm). Interestingly, this increment in height (approximately 1.5 nm) is consistent with a 1:1 stoichiometry in the interaction between NU4 and AβO. In conjunction with the relatively narrow size distribution for the NU4-AβO complex, this result indicates that NU4 preferentially interacts with a single AβO species. As for AβOs, we have also calculated the Stokes radius for the AβO-NU4 complex using the Porath plot. Again, radius (7.9 nm) was slightly larger than the *z*-height for the same complex as measured by AFM, what may be attributed to dehydration during sample preparation for AFM. It is important to note, however, that the difference in radii between free and NU4-complexed high mass AβO, around 3 nm, is consistent with the 1:1 stoichiometry pointed out above, considering the well-known Stoke radius of IgG molecules (around 5 nm).

Molecular Mass of NU4-Reactive Oligomers in AD Human Brain Extracts {#sec2.4}
-------------------------------------------------------------------

To gain insight into the relevance of NU4-targeted high mass Aβ oligomer to AD pathology, we have evaluated the presence of NU4-reactive oligomers of similar molecular mass in nondenatured AD human brain extracts. Dot blot analysis carried out after centrifugal filtration of extracts from either cortex or cerebellum revealed that NU4-targeted species concentrates between 50 and 300 kDa in the cortex, while no significant signal was detected in extracts from cerebellum (Figure [6](#fig6){ref-type="fig"}), a region known to not accumulate AβOs.^[@ref17]^ This indicates that NU4 reactivity in the cortex indeed comes from AβOs, and that it mainly comes from a species sized in a molecular mass range compatible with our data using in vitro prepared AβOs. Moreover, the molecular mass range found for this large AβO is in agreement with previous data obtained from human AD brain extracts in which a major 80 kDa species has been reported.^[@ref23]^

![Size of NU4-targeted Aβ oligomers in Alzheimer diseased human brain. Extracts from either frontal cortex or cerebellum were prepared from post-mortem tissue from an AD definite case and tested for its immunorectivity to NU4 antibody by dot blot. After centrifugal filtration under the indicated MWCO filter, 1 μg (total protein) was spotted onto a nitrocellulose membrane in quadruplicate. Peroxidase treatment (3% H~2~O~2~, 20 min) was carried out to eliminate endogenous peroxidase signal. Membrane was then probed with NU4 (1 μg/mL) for 2 h at RT, followed by incubation with HRP-conjugated secondary antibody; and signal revealed by chemiluminescence. Unfrac corresponds to input supernatant.](cn-2014-00156r_0006){#fig6}

In this work, we report a detailed characterization of a complex between NU4, a conformational monoclonal antibody known to prevent AβO toxicity in vitro and in vivo, and Aβ oligomers. The strategy relied on the specificity of NU4 targeting for the isolation and visualization of the antibody--oligomer complex by SEC and AFM, respectively. When applied to a classic Aβ oligomer preparation known to comprise multiple species, this approach allowed us to determine the apparent molecular mass of a high-*n* oligomer retaining neuronal binding activity. Furthermore, we were able to directly observe the antibody-oligomer complex using high resolution AFM. We showed that the size distribution of the AβO-NU4 complex is narrower than expected, considering the multitude of Aβ species reported, supporting a preferential binding of NU4 to a specific, 4 nm globular oligomeric assembly. Our AFM data is further supported by the typical trilobar structure of IgG molecules found in NU4-containing samples. Interestingly, the AFM images of the AβO-NU4 complex showed a 1:1 stoichiometry and the individual shapes of AβOs and NU4 seem to be preserved in the complex. However, given the complexity of the mechanism underlying Aβ self-assembly, we must emphasize that studies using more accurate techniques such as SAXS or X-ray crystallography may reveal different aspects of this interaction. These refined analyses should be pursued in future works. Moreover, also considering the complex relationship between Aβ self-assembly and toxicity, we highlight that the main contribution of this work is the description of a novel approach to isolate and characterize a specific oligomeric species, in this particular case, an Aβ assembly proven to be neurotoxic, instead of claiming the existence of a single neurotoxic oligomer species responsible for the entire spectrum of AD pathology. The relative contribution of this NU4-targeted AβO to AD pathology, as well as the toxic cascade triggered by this high mass Aβ assembly, remains to be fully elucidated. For instance, it is important to evaluate the toxicity of isolated NU4-targeted AβO. Unfortunately, to date, no assay to recover oligomers from an antibody complex without affecting oligomer structure has been developed. We propose, however, that the approach employed here may be useful for the isolation of particular oligomeric species directly from Alzheimer's disease brain extracts, as well as oligomers responsible for other degenerative disorders, such as Parkinson's disease and prionoses, for biochemical and biophysical studies.

Methods {#sec3}
=======

Chemicals {#sec3.1}
---------

Purified monoclonal antibodies (NU1 and NU4) were obtained as previously described.^[@ref26]^ Aβ~1--42~ was from American Peptide. Other reagents were from Sigma Chemical or Merck unless otherwise indicated.

Aβ Oligomers {#sec3.2}
------------

Oligomers were prepared according to Chromy et al.^[@ref31]^ Aβ~1--42~ peptide was monomerized in hexafluoroisopropanol, aliquoted, evaporated, and stored as a solid film at −80 °C. The peptide film was resuspended in anhydrous dimethyl sulfoxide to 5 mM. The 5 mM peptide stock was diluted to a concentration of ∼100 μM with the addition of F12 medium without phenol red (Caisson Laboratories). The solution was vortexed thoroughly and incubated for 24 h at 4 °C. Following incubation, the solution was centrifuged at 14 000*g* for 10 min at 4 °C. Supernatant, which comprises AβOs, was transferred to a new tube and stored at 4 °C. Fluorescently labeled AβOs were prepared using a 4:1 mixture of unlabeled Aβ and FAM-Aβ~1--42~ peptide (AnaSpec) as described in Pitt et al.^[@ref43]^ Oligomers were used within 24 h after preparation.

Fluorescent Conjugation of NU4 Antibody {#sec3.3}
---------------------------------------

NU4 antibody was fluorescently tagged using the Alexa Fluor 568 Protein Labeling Kit (Invitrogen) and following manufacturer's instructions.

Primary Rat Hippocampal Neuron Cultures {#sec3.4}
---------------------------------------

All animals were handled in accordance with national guidelines laid down by the NIH regarding care and use of animals for experimental procedures. In brief, a timed pregnant Sprague--Dawley rat, gestation day 18, was anesthetized by CO~2~ inhalation, using a slow flow rate to minimize anxiety. Immediately after anesthetization, the mother was decapitated, and the uterine sac removed and placed on ice. The embryos, anesthetized by cold, were removed from the sac, decapitated, and their hippocampi removed and placed into ice-cold Hibernate medium. Hippocampal neurons were cultured according to Brewer et al.^[@ref44]^ and maintained in Neurobasal medium supplemented with B27 (Invitrogen) for at least 18 days before treatments.

Immunocytochemistry {#sec3.5}
-------------------

Cells were incubated with vehicle or FAM-AβOs (500 nM) for 60 min at 37 °C and fixed with formaldehyde. For immunostaining, cells were blocked in 10% normal goat serum in PBS for 45 min at room temperature, then immunolabeled with 568-NU4 (1 μg/mL in blocking buffer) overnight at 4 °C. Cells were visualized using a Nikon TE-2000 inverted epifluorescence microscope.

Size Exclusion Chromatography {#sec3.6}
-----------------------------

Size-exclusion chromatography (SEC) was conducted similarly to Chromy et al.,^[@ref31]^ using a GPC100 column (Eprogen; 250 × 4.6 mm; recommended MW range 5--160 kDa) connected to an Akta Explorer HPLC apparatus (GE). Cold PBS pH 7.4 (KD Medical, Columbia, MD) was used as the liquid phase at a flow rate of 0.4 mL/min. All the runs were performed in a cold room set to +4--8 °C and lasted less than 10 min from injection to complete elution. The column was calibrated with the following protein standards (Sigma): β-amylase (220, 1.74); alcohol dehydrogenase (150, 1.84); BSA (66, 1.88); OVA (45, 2.01); carbonic anhydrase (29, 2.30); and RNase (13.7, 2.65). MW and elution volume (*V*~e~) for each standard are presented in parentheses. Plasmidial DNA (1.53 mL) was used to calibrate the void volume (*V*~0~). Plotted were *V*~e~/*V*~0~ (*x*-axis) and log MW. Linear fit rendered *R*^2^ = 0.88. Elution was monitored by absorbance at both 280 and 214 nm. NU4 (100 μL at 0.1 μM) or a mixture of AβOs and NU4 (100:1 mol ratio, preincubated for 30 min at 4 °C) was injected, and fractions (typically 100 μL) were collected in low-protein-binding 96-well plates (Greiner).

Dot Blot Assay {#sec3.7}
--------------

Aliquots (1 μL) from each SEC fraction were spotted on nitrocellulose and the membrane allowed to dry for 15 min before blocking in 5% nonfat dry milk in TBS-T (20 mM Tris-HCl, pH 7.4, 0.8% NaCl, 0.1% Tween-20) for 1 h at RT. The membrane was then incubated with anti-AβO antibodies \[NU1 or rabbit polyclonal M69/2^[@ref34]^ at 1 μg/mL for 2 h at RT in blocking buffer\]. After washing with TBS-T, bound proteins were visualized using anti-mouse or anti-rabbit IgG HRP-conjugated antibodies (GE; 1:40 000 in blocking buffer) and the SuperSignal West Femto chemiluminescence kit (Pierce). Quantification was performed using Kodak 1D Image Analysis software for the IS440CF Image Station.

Atomic Force Microscopy Sample Preparation and Imaging {#sec3.8}
------------------------------------------------------

AFM images were acquired using a Multimode atomic force microscope with a Nanoscope V controller (Bruker, Santa Barbara, CA). Imaging was performed in tapping mode in air using silicon probes from Applied Nano with the nominal spring constant of 5 N/m. Image analysis was performed using the NanoScope Analysis software. A droplet of 25--35 μL of the explored solutions (AβOs, NU4, and AβOs bound to NU4) was allowed to absorb on freshly cleaved mica for 2--3 min. The excess solution was rinsed twice with ultrapure water in order to remove salt deposits and other residues. The samples were gently dried under N~2~ flow.

Brain Extracts {#sec3.9}
--------------

Post-mortem human brain tissue was obtained from the Northwestern Alzheimer's Disease Center (<http://www.Brain.northwestern.edu/research/brain/autopsy.html>). Donor was a male diagnosed with definite AD (CERAD score C, Braak stage VI). Extracts were prepared from either frontal cortex or cerebellum based on the protocol described in Gong et al.^[@ref17]^ For each brain region, a fragment of 200 mg was homogenized in 2 volumes of TBS supplemented with protease inhibitors (Complete mini EDTA-free, Roche) and centrifuged at 10 000*g* for 10 min. Supernatant was then centrifuged at 100 000*g* for 1 h at 4 °C. After determination of protein concentration using 660 nm reagent (Pierce, Rockford, IL), the second supernatant was applied to a 50 kDa ultrafiltration unit (Millipore). Retentate was diluted and reapplied to completely remove species smaller than 50 kDa. Final retentate containing proteins larger than 50 kDa was loaded on a 300 kDa ultrafiltration unit (Millipore) and spun to remove species above 300 kDa. For dot blotting, 1 μL was spotted onto dry nitrocellulose membrane and the membrane was treated for 30 min in 0.3% H~2~O~2~ to inactivate endogenous peroxidases in brain homogenate fractions. Following blocking with 5% nonfat dry milk in TBS-T, the membrane was probed with 2.5 μg/mL NU4 for 2 h at room temperature followed by HRP-conjugated anti-mouse IgG (1:20 000).

AβO-NU4 complex analyzed by native PAGE. This material is available free of charge via the Internet at <http://pubs.acs.org/>.
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